Formation of aberrant protein conformers is a common pathological denominator of different neurodegenerative disorders, such as Alzheimer's disease or prion diseases. Moreover, increasing evidence indicates that soluble oligomers are associated with early pathological alterations and that oligomeric assemblies of different disease-associated proteins may share common structural features. Previous studies revealed that toxic effects of the scrapie prion protein (PrP C -mediated toxic signalling could be blocked by an NMDA receptor antagonist or an oligomer-specific antibody. Our study indicates that PrP C can mediate toxic signalling of various b-sheet-rich conformers independent of infectious prion propagation, suggesting a pathophysiological role of the prion protein beyond of prion diseases.
Formation of aberrant protein conformers is a common pathological denominator of different neurodegenerative disorders, such as Alzheimer's disease or prion diseases. Moreover, increasing evidence indicates that soluble oligomers are associated with early pathological alterations and that oligomeric assemblies of different disease-associated proteins may share common structural features. Previous studies revealed that toxic effects of the scrapie prion protein (PrP Sc ), a b-sheet-rich isoform of the cellular PrP (PrP C ), are dependent on neuronal expression of PrP C . In this study, we demonstrate that PrP C has a more general effect in mediating neurotoxic signalling by sensitizing cells to toxic effects of various b-sheet-rich (b) conformers of completely different origins, formed by (i) heterologous PrP, (ii) amyloid b-peptide, (iii) yeast prion proteins or (iv) designed b-peptides. Toxic signalling via PrP C requires the intrinsically disordered N-terminal domain (N-PrP) and the GPI anchor of PrP. We found that the N-terminal domain is important for mediating the interaction of PrP C with b-conformers. Interestingly, a secreted version of N-PrP associated with b-conformers and antagonized their toxic signalling via PrP C . Moreover, PrP C -mediated toxic signalling could be blocked by an NMDA receptor antagonist or an oligomer-specific antibody. Our study indicates that PrP C can mediate toxic signalling of various b-sheet-rich conformers independent of infectious prion propagation, suggesting a pathophysiological role of the prion protein beyond of prion diseases.
Introduction
Various approaches coming from neuropathology, genetics, animal modelling and biophysics have established a crucial role of protein misfolding in the pathogenesis of different neurodegenerative disorders, such as Alzheimer's disease (AD), Parkinson's disease, polyglutamine expansion diseases and prion diseases. However, there is an ongoing debate about the nature of the harmful proteinaceous species and how toxic conformers selectively damage neuronal populations (reviewed in Haass and Selkoe, 2007; Winklhofer et al, 2008; Ilieva et al, 2009) .
The prion protein is best known for its crucial role in the pathogenesis of prion diseases, such as Creutzfeldt-Jakob disease and Gerstmann-Sträussler-Scheinker syndrome in humans, scrapie in sheep and goat, bovine spongiform encephalopathy in cattle and chronic wasting disease in free-ranging deer. In the disease, the cellular isoform of PrP (PrP C ) is converted into an aberrantly folded, b-sheet-rich isoform, designated scrapie prion protein (PrP Sc ). PrP Sc is found in extracellular deposits in the diseased brain and has been shown to be the essential constituent of infectious prions (reviewed in Weissmann et al, 1996; Prusiner et al, 1998; Collinge, 2001; Chesebro, 2003) . Notably, mice with a targeted disruption of the PrP gene (PRNP) are resistant to prion diseases and do not propagate infectious prions (Büeler et al, 1993) . Moreover, based on transmission studies in laboratory animals, it has been proposed that productive propagation of infectious prions involves a direct interaction between PrP C and PrP Sc , which is highly dependent on the sequence homology between the two isoforms. As a consequence, PrP Sc molecules derived from one species fail to or inefficiently transmit the disease to an organism expressing heterologous PrP C molecules, a feature denoted as a species or transmission barrier (Prusiner et al, 1990; Moore et al, 2005; Collinge and Clarke, 2007) . Interestingly, transgenic mouse models revealed that neuronal expression of GPIanchored PrP C is required to mediate neurotoxic effects of PrP Sc Mallucci et al, 2003; Chesebro et al, 2005) . We corroborated the important role of PrP C as a mediator of PrP Sc -induced toxicity and identified the intrinsically disordered N-terminal domain and the C-terminal GPI anchor of PrP C as essential domains for this activity (Rambold et al, 2008) . Recently, it was suggested that PrP C may also have a role in the pathogenesis of AD. It was reported that amyloid b (Ab)-induced inhibition of long-term potentiation (LTP) and memory impairment in transgenic mouse models of AD requires PrP C (Lauren et al, 2009; Gimbel et al, 2010) . AD is the most common neurodegenerative disorder characterized by the deposition of Ab-peptides in extracellular amyloid plaques and hyperphosphorylated t in intraneuronal neurofibrillary tangles (reviewed in De Strooper, 2010; Palop and Mucke, 2010) . While the exact mechanisms leading to progressive neurodegeneration in AD remain elusive, a variety of experimental studies indicated that soluble oligomeric species of Ab contribute to synaptic dysfunction (Lambert et al, 1998; Walsh et al, 2002; Lacor et al, 2004; Cleary et al, 2005; Harmeier et al, 2009; Lauren et al, 2009 ). In addition, there is growing evidence that NMDA receptors are involved in mediating toxic effects of Ab (reviewed in Ondrejcak et al, 2010) . Notably, PrP C can attenuate excitotoxicity by inhibiting NMDA receptors (Khosravani et al, 2008) .
Herein, we show that cell surface localized PrP C has the ability to interact with and mediate toxic signalling of b-sheet-rich conformers of different origin. In addition, we show that pro-apoptotic signalling via PrP C induced by various b-sheet-rich conformers is independent of the replication of infectious prions and can be significantly reduced by an NMDA receptor antagonist.
Results

PrP
C mediates toxic signalling of homologous and heterologous PrP Sc
We have recently established a cell culture assay to demonstrate that PrP C localized at the cell surface is a mediator of pro-apoptotic signalling induced by PrP Sc (Rambold et al, 2008) . This assay is based on the co-cultivation of PrP C -expressing cells with scrapie-infected cells that release PrP Sc and infectious prions into the cell culture medium. As illustrated in Figure 1A , co-cultivation of SH-SY5Y cells expressing PrP C with scrapie-infected mouse neuroblastoma (ScN2a) cells increased apoptotic cell death, as determined by activated caspase-3 ( Figure 1A ; Supplementary Figure  S1A ) or fragmented nuclei ( Figure 1B ) in cells expressing mouse PrP C (moPrP). Control SH-SY5Y cells could be co-cultured with ScN2a cells without adverse effects ( Figure  1A and B). Interestingly, PrP Sc had also an adverse effect on mitochondrial morphology in PrP C -expressing cells. A significant increase in the number of cells harbouring non-tubular/ fragmented mitochondria was observed in PrP C -expressing SH-SY5Y cells exposed to PrP Sc , but not in cells co-cultivated with N2a cells ( Figure 1C ). Based on these and previously published studies in mice Mallucci et al, 2003; Chesebro et al, 2005) , two plausible scenarios for the toxic effects of PrP Sc can be envisaged. Neurotoxicity of PrP Sc could be linked to its propagation in neuronal cells, which is dependent on the expression of PrP C . We addressed this possibility, but found no evidence that PK-resistant PrP was formed in mouse PrP C -expressing SH-SY5Y cells during co-cultivation with ScN2a cells (Supplementary Figure S1B) . Alternatively, PrP Sc elicits a deadly signal through a PrP C -dependent signalling pathway. To experimentally address this scenario, we modified our cell culture model in order to minimize the possibility that propagation of infectious prions occurs. We therefore used SH-SY5Y cells in our co-cultivation assay expressing hamster, human, cervid or bovine PrP C instead of mouse PrP C . Based on previous studies in transgenic mice and cell culture models (Scott et al, 1989 (Scott et al, , 1997 , it is highly unlikely that mouse (mo) PrP Sc released by ScN2a cells can induce efficient conversion of heterologous PrP C molecules into PrP Sc . Co-cultivation of SH-SY5Y expressing the respective PrP C with uninfected N2a cells had no effect on cellular viability. However, cocultivation with ScN2a cells revealed that heterologous PrP C , be it of hamster, human, cervid or bovine origin, efficiently mediated toxic signalling of moPrP Sc ( Figure 1D ). Thus, toxic signalling of PrP Sc via PrP C appears to be independent of PrP Sc propagation. (Lauren et al, 2009; Gimbel et al, 2010) . We made use of a stably transfected Chinese hamster ovary cell line (CHO-7PA2) that expresses the familial AD mutation V717F in the amyloid precursor protein APP 751 and secretes Ab (Podlisny et al, 1995) . Importantly, the presence of secreted oligomeric Ab in the medium of CHO-7PA2 cells has been shown to potently inhibit LTP in vivo (Walsh et al, 2002; Cleary et al, 2005) . SH-SY5Y cells were grown on cover slips and transiently transfected with PrP C . The cover slips were then placed into cell culture dishes with CHO-7PA2 or CHO control cells, and apoptosis of SH-SY5Y cells was analysed after 16 h of co-cultivation. Control SH-SY5Y cells expressing GPI-anchored GFP could be co-cultivated with CHO-7PA2 or CHO cells without adverse effects on cell viability (Figure 2A) . Similarly, SH-SY5Y cells expressing PrP C did not show increased apoptosis when co-cultured with control CHO cells. However, a significant increase in apoptotic cell death was observed when SH-SY5Y cells expressing PrP C were co-cultivated with CHO-7PA2 cells (Figure 2A) . Notably, the toxic effect of CHO-7PA2 cells was dependent on the generation of Ab, as co-cultivation with CHO-7PA2 cells pre-treated with the g-secretase inhibitor DAPT did not induce apoptotic cell death in PrP C -expressing SH-SY5Y cells ( Figure 2B ). If PrP Sc and Ab mediate toxic signalling via different PrP C -dependent pathways, one would assume that the exposure to both PrP Sc and Ab enhances toxicity. However, the rate of cell death in PrP C -expressing SH-SY5Y co-cultivated with CHO-7PA2 or ScN2a cells was similar to those co-cultivated with both CHO-7PA2 and ScN2a cells ( Figure 2C ). To provide further evidence for a causal role of Ab as toxic agent and to characterize the Ab species mediating toxic signalling via PrP C , we employed high-and low-molecular weight Ab42 aggregates obtained by size-exclusion chromatography (SEC) (Supplementary Figure S2 ) (Harmeier et al, 2009) . Immediately after elution from the column, equal amounts of Ab42-peptides (500 nM final concentration) were added to SH-SY5Y cells expressing PrP C . Consistent with our results from the co-cultivation assay, Ab42 was only toxic to cells expressing PrP C . Moreover, only low-molecular weight oligomeric Ab42 (oligo) efficiently induced apoptotic cell death in PrP C -expressing SH-SY5Y cells, while high-molecular weight aggregates had no adverse effects on cell viability ( Figure 2D) . Notably, the same fraction composed of low-molecular weight oligomeric Ab42 was shown to inhibit LTP in mouse hippocampal slices (Harmeier et al, 2009 ). In addition, it has been shown that oligomers of Ab42 G33A, in which G33 of the central GXXXG motif is substituted by A (Munter et al, 2007 (Munter et al, , 2010 , do not inhibit LTP (Harmeier et al, 2009 ). In line with this observation, oligomers of Ab42 G33A did not induce a significant increase in cell death in SH-SY5Y cells expressing PrP C ( Figure 2E ).
PrP
The intrinsically disordered N-terminal domain and the C-terminal GPI anchor of PrP are required to mediate the toxic effects of Ab After having established an assay to study PrP C -mediated toxicity of Ab, we sought to define the domains of PrP C required for the transmission of Ab toxicity. Our previous study revealed that the intrinsically disordered N-terminal domain and the C-terminal GPI anchor of PrP C are required to mediate toxic signalling of PrP Sc (Rambold et al, 2008 ). Consequently, we tested the ability of Ab to induce cell death in SH-SY5Y cells either expressing a PrP construct lacking amino acids 27-89 (PrPDN) or containing a heterologous C-terminal transmembrane domain instead of the GPI anchor (PrP-CD4). Of note, both PrP mutants are complex glycosylated and present at the outer side of the plasma membrane, similarly to wild-type GPI-anchored PrP C (Winklhofer et al, 2003b) . Co-cultivation of PrP-expressing SH-SY5Y cells with Ab-secreting CHO-7PA2 cells revealed that PrP-CD4 was not able to mediate toxic effects of Ab. Expression of PrPDN increased apoptotic cell death, but the effect was significantly reduced compared with full-length PrP ( Figure 3A ). In support of the notion that the GPI anchor of PrP is essential to mediate toxic signalling of Ab, we could show that oligomers of synthetic Ab42 did not increase apoptotic cell death in PrP-CD4-expressing cells ( Figure 3B ).
C mediates toxic signalling of b-sheet-rich conformers of a yeast prion protein Proteins with prion-like properties have also been identified in fungi (Wickner, 1994) . In Saccharomyces cerevisiae, the [PSI þ ] prion is formed by the essential translation termination factor Sup35 (Glover et al, 1997). The amyloidogenic C were co-cultivated with the cell lines indicated. After16 h of co-cultivation, apoptotic cell death in SH-SY5Y cells was determined as described in Figure 1A . Expression of PrP C in co-cultured SH-SY5Y cells was analysed by western blotting using the 3F4 antibody (lower panel). (D) Synthetic Ab42 oligomers are toxic to cells expressing PrP C . SH-SY5Y cells transiently expressing moPrP C were incubated in the presence of either oligomers (oligo) or high-molecular weight aggregates (HMW) of Ab42 (500 nM each) for 12 h and apoptotic cell death was determined. Expression of PrP C was analysed by western blotting using the 3F4 antibody (lower panel). (E) Decreased toxicity of oligomers formed by mutant Ab42 G33A. SH-SY5Y cells expressing moPrP C were incubated in the presence of Ab42 G33A oligomers (500 nM) as described in (C). Expression of PrP C was monitored by western blotting using the anti-PrP antibody 3F4 (lower panel). **Po0.005; ***Po0.0005. N-terminal region (N) contains the essential prion-forming determinants, while the C-terminal domain of Sup35 does not contribute to prion behaviour. A charged middle region (M) enhances the solubility of Sup35 in the non-prion form and contributes to the stability of the prion form (i.e. the [PSI þ ] phenotype). Thus, the N and M regions of Sup35 (designated NM) can serve as a separable prion-forming module (Li and Lindquist, 2000) . Similarly to PrP in mammals, prion proteins in fungi typically form highly structured b-sheet-rich fibrils, known as amyloids, upon conversion to the infectious prion form (Shorter and Lindquist, 2005 ). Consequently, we tested the ability of b-sheet-rich conformers of NM to mediate toxic signalling in SH-SY5Y cells via PrP C . Low-molecular weight NM oligomers, containing dimers, trimers and tetramers, were added to SH-SY5Y cells transiently expressing PrP C and apoptosis was determined after 7 h. PrP C -expressing SH-SY5Y cells exhibited a significantly increased rate of apoptotic cell death, whereas the viability of cells expressing PrP-CD4 was not affected ( Figure 4A ).
C mediates toxic signalling of b-sheet-rich oligomers formed by designed peptides The ability of PrP C to mediate toxic signalling not only of PrP Sc , but also of proteins with completely unrelated primary sequence, such as Ab and yeast prion oligomers, raised the possibility that the interaction of PrP C with the pathogenic protein conformers is primarily determined by structural features. We followed up this hypothesis by including designed peptides in our analysis that are in either an a-helical or b-sheet conformation. The sequences of these peptides were derived from a previous study, showing that binary patterning of polar and non-polar residues arranged in alternating periodicity can direct proteins to form b-sheet secondary structure (West et al, 1999; Wei et al, 2003) . The peptides (200 nM final concentration) were added to SH-SY5Y cells expressing GPI-anchored wild-type PrP C (PrP), PrP with a heterologous C-terminal transmembrane domain (PrP-CD4) or PrPDN and apoptotic cell death was quantified after 12 h of treatment. Notably, an increase in cell death was only induced in cells expressing GPI-anchored PrP C by a peptide with b-sheet conformation (b-peptide) ( Figure 4B ). Incubation with a peptide in a-helical conformation (a-peptide) had no adverse effect on cell viability.
Toxic signalling via PrP
C can be inhibited by a secreted version of the intrinsically disordered N-terminal domain of PrP The experiments described above revealed that both PrP mutants, PrP-CD4 and PrPDN, are impaired in their activity to transduce toxic signalling of b-conformers. To test whether this was due to an impaired binding of the PrP constructs to the b-conformers, we performed indirect immunofluorescence studies and co-immunoprecipitation experiments. Cells expressing wild-type PrP C (PrP), PrP-CD4 or PrPDN were incubated with the synthetic b-peptide and localization of PrP and the b-peptide was visualized by indirect immunofluorescence. These experiments revealed that full-length PrP efficiently mediates the interaction of the b-peptide with the cells, irrespective of whether PrP is linked via a GPI anchor or a transmembrane domain to the plasma membrane ( Figure 5A ). However, cells expressing PrPDN showed a significantly reduced binding to the b-peptide ( Figure 5A) . Figure 1A . Expression of PrP constructs was controlled by western blotting using the 3F4 antibody (right panel). (B) Synthetic Ab42 oligomers are not toxic to cells expressing PrP-CD4. SH-SY5Y cells expressing PrP-CD4 were incubated with either oligomers (oligo) or high-molecular weight aggregates (HMW) of Ab42 (500 nM each) for 12 h and apoptotic cell death was determined. **Po0.005; ***Po0.0005; NS, non-significant. Expression of PrP-CD4 was analysed by western blotting using the 3F4 antibody (right panel).
To test for a direct interaction between PrP and the b-peptide, we expressed various secreted PrP constructs devoid of a GPI anchor and analysed a possible interaction of secreted PrP with the b-peptide by co-immunoprecipitation experiments. Our previous studies revealed that the isolated N-terminal domain of PrP cannot be expressed as a secreted protein in mammalian cells, since ER import of such a C-terminally truncated PrP construct is abrogated (Heske et al, 2004; Miesbauer et al, 2009) . We therefore generated fusion proteins composed of the isolated N-or C-terminal domains of PrP and the Fc portion of human IgG 1 ( Figure 5B ). Western blots illustrated that all PrP/Fc fusion proteins are efficiently expressed and secreted into the cell culture media ( Figure 5C ). The conditioned media from PrP/Fc-expressing cells were mixed with the b-peptide (50 nM) and incubated for 3 h at 41C. PrP/Fc was purified with protein A-sepharose beads and the immunopellet was analysed by western blotting ( Figure 5D ). The b-peptide efficiently co-precipitated with PrPN/Fc and to a lesser extent with PrPC/Fc, but not with the Fc part alone (Figure 5D ), supporting the conclusion that an interaction with the b-conformers is mainly mediated by the N-terminal domain of PrP. Figure 5E ).
Toxic signalling via PrP C can be inhibited by an oligomer-specific antibody and an NMDA receptor antagonist The experiments described above indicated that PrP C is a potent mediator of toxic signalling of b-sheet-rich conformers formed by polypeptides of different origins. Most likely, these polypeptides share common structural features that are recognized or bound by PrP C . This idea is supported by the finding that the conformation-dependent antibody A11 recognizes toxic oligomers formed by both Ab-and PrP-peptides (Kayed et al, 2003) . To test whether A11 could interfere with toxic signalling of Ab and PrP . SH-SY5Y cells expressing the PrP constructs indicated were incubated with either an oligomeric yeast prion protein (NM, 500 nM) for 7 h (A) or a synthetic b-peptide or a-peptide (200 nM each) for 12 h (B). Apoptotic cell death was determined as described in Figure 1A . Expression of the PrP constructs was controlled by western blotting using the 3F4 antibody. **Po0.005; ***Po0.0005; NS, non-significant.
revealed that the addition of A11 to the cell culture medium significantly interfered with toxic effects of both Ab and PrP Conditioned medium from PrP/Fc-expressing N2a cells were mixed with the b-peptide (50 nM) and incubated for 3 h at 41C. PrP/Fc was purified with protein A-sepharose beads and the pellet was analysed by western blotting. Non-transfected cells (n.t.) were used as control. (E) PrPN/Fc interferes with toxic signalling of Ab via PrP C . SH-SY5Y cells expressing GPI-anchored PrP C and the indicated constructs were co-cultivated with CHO-7PA2 or CHO cells and apoptotic cell death in SH-SY5Y cells was determined as described in Figure 1A . **Po0:005; ***Po0.0005; NS, non-significant. (Muller et al, 1993) and that PrP C can attenuate excitotoxicity by inhibiting NMDA receptors (Khosravani et al, 2008) . PrP C -expressing SH-SY5Y cells were pre-incubated with memantine for 1 h and either co-cultivated with ScN2a or CHO-7PA2 cells or treated with the b-peptide. Memantine treatment had no effect on the levels of GPI-anchored PrP C at the plasma membrane or Ab in the cell culture media (data not shown); however, the toxic effects of PrP Sc , Ab-and b-peptide on PrP C -expressing cells were significantly reduced by a pharmacological blockage of NMDA receptor activity ( Figure 6B ).
Primary neurons devoid of PrP C are less vulnerable to toxic effects of PrP Sc and b-peptides
To validate our findings in mammalian neurons, we prepared primary neuronal cultures from the cortical region of mouse embryos at E14.5-E15.5 days of gestation. Primary neurons, derived either from Prnp 0/0 mice or from the corresponding wild-type line expressing PrP C , were co-cultivated with ScN2a cells or their uninfected counterpart (N2a) ( Figure 7A ). First, cell viability was determined after 4 and 5 days in co-culture. As shown in Figure 7B , the viability of PrP C -expressing neurons was significantly impaired when co-cultured with ScN2a cells. On the other hand, no differences in viability were observed between PrP 0/0 neurons cultivated with either ScN2a or N2a cells. In addition, a significant reduction in dendritic length was observed in PrP C -expressing neurons co-cultivated with ScN2a cells when compared with neurons co-cultivated with N2a cells, while the exposure of PrP 0/0 neurons to PrP Sc had no impact on dendritic length ( Figure 7C ). Furthermore, we assessed the distribution of mitochondria in primary neurons.
Exposure of PrP
C -expressing neurons to PrP
Sc significantly increased the number of cells harbouring perinuclearly clustered mitochondria. Importantly, in PrP 0/0 neurons, the number of cells with clustered perinuclear mitochondria was not increased upon co-culturing with ScN2a cells ( Figure 7D ). In another approach we analysed the toxic effects of the designed b-peptide added to the cell culture medium of primary PrP 0/0 or PrP þ / þ cortical neurons. Cortical neurons were cultivated on poly-L-lysine-coated cover slips and b-peptide (2 or 5 mM) was added on days 4 and 5. At day 6 cells were fixed, permeabilized, stained for b3 tubulin and examined by fluorescence microscopy. Remarkably, the b-peptide caused neuronal cell loss only in PrP C -expressing neurons ( Figure 7E ). In conclusion, these experiments revealed that PrP C sensitizes primary cortical neurons to toxic effects of b-sheet-rich conformers.
Discussion
Our work revealed that PrP C localized at the cell surface interacts with and mediates toxic signalling of b-sheet-rich conformers of completely different origin (summarized in the model shown in Figure 8 ). Both the interaction of PrP C with b-sheet-rich conformers and induction of pro-apoptotic signalling are dependent on the intrinsically disordered N-terminal domain of PrP C and the C-terminal GPI anchor. A critical step in the pathogenesis of prion diseases is a direct interaction of PrP C with PrP two isoforms. As a consequence, an inter-species transmission of prion diseases is extremely difficult, a phenomenon denoted as species or transmission barrier (Prusiner et al, 1990 . We also showed that b-sheet-rich conformers of completely different origin, formed by the Ab-peptide, a yeast prion protein or a designed peptide, can induce apoptotic signalling through PrP C . Taken together, these results strongly suggest that PrP C has an intrinsic ability to interact with b-sheet-rich conformers independent of their primary sequence. Notably, the oligomer-specific antibody A11 could block PrP C -mediated toxic signalling of both PrP Sc and Ab, supporting the idea that different toxic b-conformers share common structural features, which are recognized and bound by PrP C . Employing different PrP mutants, such as PrP-CD4 and PrPDN, we were able to define domains of PrP C required for signalling activity. What could be the role of the C-terminal GPI anchor and the intrinsically disordered N-terminal domain in toxic signal transduction via PrP C ? PrP-CD4, which is anchored to the plasma membrane by a heterologous C-terminal transmembrane domain, binds to b-peptides, but cannot mediate toxic effects. In contrast to GPI-anchored PrP C , PrP-CD4 does not localize to detergent-insoluble microdomains at the plasma membrane (Rambold et al, 2008) . These data suggest that targeting of PrP C to detergent-insoluble microdomains is a pre-requisite to induce intracellular signalling pathways. PrPDN lacks amino acids 27-89 and thereby most of the intrinsically disordered domain. Notably, intrinsically disordered domains have been shown to be involved in protein-protein interactions (Tompa et al, 2009) 2007) , and both the C-terminal GPI anchor and the unstructured N-terminal domain are required for this physiological activity (Mitteregger et al, 2007; Rambold et al, 2008) . Thus, PrP C might act as a signalling molecule at the cell surface to promote stress-protective signalling under physiological conditions, which can be switched to toxic signalling through an interaction with b-sheet-rich conformers. Similarly to other GPI-anchored proteins involved in signal transduction, PrP C most probably acts as a co-receptor in concert with a transmembrane protein to transduce the signal into the cell. Unfortunately, little is known about signalling pathways downstream of PrP C . While different PrP C -dependent pathways and -interacting proteins have been described (reviewed in Caughey and Baron, 2006) , experimental evidence for a direct role of these components in PrP Sc -or Ab-induced toxicity is missing. Our study presents evidence that Ab-, PrP Sc -and b-peptide-induced toxicity is significantly suppressed by pharmacologically inhibiting NMDA-type glutamate receptor activity. PrP C has previously been reported to attenuate excitotoxicity by inhibiting NMDA receptors (Khosravani et al, 2008) . In addition, there is increasing evidence that excitotoxicity mediated by NMDA receptors has a crucial role in the pathogenesis of AD. For example, it has been shown that Ab-mediated spine loss requires activity of NMDA-type glutamate receptors (Shankar et al, 2007) . All in all, our data provide a scientific rationale for a beneficial effect of NMDA receptor antagonists in a more wider range of neurodegenerative disorders associated with the formation of b-sheet-rich conformers, given that they are applied at an early stage of the disease before irreversible neuronal loss has occurred.
Materials and methods
Plasmids, antibodies and reagents
All expression constructs have been described previously (Rambold et al, 2008) . Amino acid numbers refer to mouse Prion Protein sequence (GenBank TM accession number NP 035300), hamster C is dependent on the GPI anchor of PrP and can be inhibited by the NMDA receptor antagonist memantine. Since PrP C has no direct contact to the cytosolic compartment, it is plausible to assume that intracellular signal transmission involves additional cellular factors, such as the NMDA receptor (NMDAR), or a different transmembrane protein (X), or a cytosolic protein associated with lipid rafts (Y).
Prion Protein sequence (GenBank TM accession number P04273), human Prion Protein sequence (GenBank TM accession number AAA60182), cervid Prion Protein sequence (GenBank TM accession number ABW79904) or bovine Prion Protein sequence (GenBank TM accession number AAQ64648). As transfection marker the EYFP-C1 vector (Clontech) was used. The following antibodies were used: mouse monoclonal anti-PrP 3F4 antibody (Kascsak et al, 1987) , mouse monoclonal anti-PrP 4H11 antibody (Ertmer et al, 2004) , rabbit polyclonal anti-PrP antibody A7 (Winklhofer et al, 2003a) (Kayed et al, 2003) , rat monoclonal anti-Ab antibody 2D8 (Shirotani et al, 2007) , rabbit polyclonal anti-Ab antibody 3552 (Yamasaki et al, 2006) . The following reagents were used: DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), memantine hydrochlorid (Sigma), MitoTracker Red CMXRos (Invitrogen), Proteinase K (Sigma-Aldrich), TO-PRO-3 iodide (642/661) (Invitrogen), poly-L-lysine hydrobromide (Sigma-Aldrich). The mounting medium Mowiol (Calbiochem) was supplemented with DAPI (4 0 ,6-diamidino-2-phenylindole; Sigma-Aldrich).
Cell lysis, immunoprecipitation and western blot analysis As described earlier (Tatzelt et al, 1996) , cells were washed twice with cold phosphate-buffered saline (PBS), scraped off the plate and lysed in cold detergent buffer (0.5% Triton X-100, 0.5% sodium deoxycholat in PBS). Post-nuclear supernatants or secreted and TCA-precipitated proteins were boiled with Laemmli sample buffer and analysed by western blotting as described previously (Winklhofer and Tatzelt, 2000) . Ab oligomers in conditioned medium of CHO-7PA2 were analysed by immunoprecipitation with the polyclonal antibody 3552 followed by western blotting using the monoclonal antibody 2D8.
Cell culture, transfection, co-cultivation, c-secretase inhibitor experiments and NMDA receptor antagonist treatment Cells were cultivated and transfected as described earlier (Winklhofer et al, 2003b) . Stably transfected Chinese hamster ovary cells (CHO-7PA2) that express the familial AD mutation V717F in the amyloid precursor protein APP 751 and secrete Ab were described earlier (Podlisny et al, 1995) . The human SH-SY5Y cell line (DSMZ number ACC 209) is a subline of bone marrow biopsy-derived SK-N-SH cells. For co-cultivation experiments, SH-SY5Y cells were grown on glass cover slips and transfected with Lipofectamine (Invitrogen). Two hours after transfection, cover slips were transferred into dishes containing a 90% confluent cell layer of ScN2a, N2a, CHO-7PA2 or CHO cells. For co-cultivation, SH-SY5Y cells were cultivated in a combination of CHO-7PA2/ScN2a, CHO-7PA2/N2a, CHO/ ScN2a or CHO/N2a cells. After 16 h of co-cultivation, either apoptotic cell death or mitochondrial morphology was analysed (see below). To block Ab generation, CHO-7PA2 cells were pretreated for 24 h with DAPT (1 mM) before co-cultivation. To interfere with NMDA receptor activation, transfected SH-SY5Y cells were pretreated for 1 h with memantine (10 mM) before co-cultivation. Memantine (10 mM) was also present during the co-cultivation.
Ab42-peptides, SEC
As described earlier (Harmeier et al, 2009) , synthetic Ab42 and Ab42 G33A peptides (PSL, Peptide Speciality Laboratories GmbH) were monomerized in formic acid and subsequently re-dissolved in water containing 0.1% ammonia. The dissolved peptides were loaded onto a Superose 12 (10/300 HR) column (Amersham Bioscience), and 1 ml fractions were collected in PBS as running buffer at a flow rate of 0.5 ml/min. Peptide concentrations were determined using spectrophotometric methods, and the aggregation state was further determined by SDS-PAGE and western blotting. Equal amounts (final concentration 500 nM) of oligomers or high-molecular weight aggregates of Ab42 were applied on transiently transfected SH-SY5Y cells, and apoptotic cell death was analysed after 12 h.
Yeast prion protein NM: generation and treatment conditions
The NM stock solution was prepared as described (Scheibel et al, 2001) . For the preparation of dityrosine-crosslinked NM oligomers, the NM stock solution was diluted to a final concentration of 15 mM in 20 mM Tris, 150 mM sodium chloride, 0.5 mM coppers and 0.5 mM zinc sulphate. To this solution, 0.1 mg/ml of superoxide dismutase (Sigma-Aldrich) was added. Using a Fluorolog fluorimeter (HORIBA Jobin Yvon), the prepared NM solution was crosslinked via excitation at 280 nm for 2 h at room temperature while stirring. Subsequently, an equivalent volume of 6 M guanidinium hydrochloride (Fluka) was added to the solution. For isolation of low-molecular weight crosslinked NM oligomers, the NM solution was first filtered through a 100-kDa Amicon Ultra Centrifugal Filter (Millipore) and the flow through was concentrated using a 3-kDa Amicon Ultra Centrifugal Filter (Millipore). Transiently transfected SH-SY5Y cells were treated with either the lowmolecular weight crosslinked NM (final concentration 500 nM) or buffer (10 mM Tris, 75 mM sodium chloride, 3 M guanidinium-HCl, 250 mM copper sulphate, 250 mM zinc sulphate) as control, and apoptotic cell death was analysed after 7 h of treatment.
b-and a-peptides: generation and treatment conditions The N-terminally myc-tagged b-sheet peptide (ATGTGTGAACAAAA GCTTATTTCTGAAGAAGACTTGGGTATGCAGATCTCCATGGATTATGA GATCAAGTTCCACGGTGATGGTGATAACTTCGACCTCAACCTCGACGAT TCTGGTGGTGATCTTCAACTTCAGATCCGCGGCCCGGGTGGCCGTGTCC ACGTCCACATCCACAGTAGTAGTGGTAAGGTCGACTTCCACGTCAACAA CGACGGCGGCGATGTTGAAGTTAAAATGCACTAG) coding for MCEQK LISEEDLGMQISMDYEIKFHGDGDNFDLNLDDSGGDLQLQIRGPGGRVH VHIHSSSGKVDFHVNNDGGDVEVKMH and the a-helical peptide (ATGTGTGAACAAAAGCTTATTTCTGAAGAAGACTTGGGTATGTATGGC AAGTTGAACGACCTGCTGGAAGACTTGCAAGAGGTGCTGAAGAACCTC CACAAAAACTGGCACGGTGGCAAAGACAACCTGCACGACGTCGACAA CCACTTGCAGAACGTCATCGAAGACATCCACGACTTCATGCAAGGCGG TGGCAGCGGCGGCAAGCTGCAAGAGATGATGAAAGAGTTCCAACAGG TGTTGGACGAACTCAACAACCACTTGCAAGGCGGTAAACACACCGTGC ACCACATCGAACAAAACATCAAAGAGATCTTCCACCACTTGGAAGAGC TCGTCCACCGTTAG) coding for MCEQKLISEEDLGMYGKLNDLLEDL QEVLKNLHKNWHGGKDNLHDVDNHLQNVIEDIHDFMQGGGSGGKLQ EMMKEFQQVLDELNNHLQGGKHTVHHIEQNIKEIFHHLEELVHR were expressed in Escherichia coli BL21 (DE3) using the pTrcHis vector or the pProEx HTb, respectively. The b-sheet peptide was mainly present in inclusion bodies and purified using a MonoQ 10/100 HR 16/10 column (0-1 M NaCl gradient in 8 M urea) followed by SEC (Sephacryl S-300, HiPreP 26/60) in 8 M urea, 100 mM NaCl (pH 7.5). After dialysis against 100 mM NaCl, 25 mM sodium phosphate, refolded soluble oligomers were purified by SEC. The a-helical peptide was purified under non-denaturing conditions using Ni-NTA agarose (Qiagen). b-or a-Peptides (200 nM each) were applied to transiently transfected SH-SY5Y cells and apoptotic cell death was analysed after 12 h. To interfere with NMDA receptor activation, transfected SH-SY5Y cells were pretreated for 1 h with memantine (10 mM) before application of b-peptide. To investigate a possible direct interaction with PrP, the b-or a-peptides (final concentration 200 nM) were added to transiently transfected SH-SY5Y cells. After 2 h incubation, SH-SY5Y cells were fixed and stained with the polyclonal anti-PrP antibody A7 and the monoclonal anti-myc antibody 4A6 overnight at 41C, followed by an incubation with the fluorescently labelled secondary antibodies Alexa Flour 555 and Alexa Flour 488 for 1 h at room temperature. Cells were then mounted onto glass slides and examined by fluorescence microscopy using a Zeiss Axiovert 200 M microscope (Carl Zeiss). Cell nuclei were visualized by DAPI. In addition, conditioned media from PrP/Fc-expressing N2a cells were mixed with the b-peptide (50 nM final concentration) and incubated for 3 h at 41C. PrP/Fc was purified with protein A-sepharose beads and the pellet was analysed by western blotting using anti-myc 4A6 antibody.
Preparation, co-cultivation and treatment of primary cortical neurons Prnp 0/0 mice (Bü eler et al, 1992) were on a C57-129Sv background or had been backcrossed on a C57Bl/6 background for over 10 generations. Primary cortical neurons were prepared from C57-129Sv/PrP þ / þ or C57-129Sv/PrP 0/0 mouse embryos at E14.5-E15.5 days of gestation. Briefly, cortical neurons were cultured in 3.5 cm dishes (1.4 million cells/dish) containing poly-L-lysine (100 mg/ml)-coated cover slips in Neurobasal medium (Invitrogen) supplemented with basic fibroblast growth factor (10 ng/ml), nerve growth factor (10 ng/ml), B27 supplement minus AO 50 Â (1 Â ) and L-glutamin (0.5 mM). For co-cultivation experiments, cortical neurons were seeded on poly-L-lysine-coated cover slips placed into a dish with a 20% confluent cell layer of either ScN2a or N2a cells. After 4 or 5 days in co-culture, primary neurons on glass cover slips were fixed with 3.7% paraformaldehyde for 20 min, washed and permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature. Fixed cells were incubated with an anti-MAP2 antibody overnight at 41C, followed by an incubation with the fluorescently labelled secondary antibody Alexa Flour 488 for 1 h at room temperature. Cell nuclei were visualized by TO-PRO-3 iodide (642/661). To analyse cell viability, MAP2-positive cells were examined by fluorescence microscopy using a Zeiss Axiovert 200 M microscope (Carl Zeiss). Dendritic lengths of at least six primary neurons co-cultured for 4 days were quantified in an area of 1 mm 2 using a Zeiss LSM Image program. To examine mitochondrial morphology, cortical neurons were first incubated with MitoTracker Red CMXRos (Invitrogen) (final concentration 250 nM) before fixation. The number of cells with clustered perinuclear mitochondria out of at least 500 cells was determined. b3 Tubulin was used as a neuronal marker. All experiments were performed in a blinded manner, and quantifications were based on at least three independent experiments. To analyse toxicity of b-peptides, cortical neurons were cultivated on poly-L-lysine-coated cover slips. b-Peptides (2 or 5 mM) were added at days 4 and 5. At day 6, cells were fixed, permeabilized and incubated with an anti-b3 tubulin antibody overnight at 41C, followed by an incubation with the fluorescently labelled secondary antibody Alexa Flour 488 for 1 h at room temperature. Cells were examined by fluorescence microscopy using a Zeiss Axiovert 200 M microscope (Carl Zeiss). Expression of PrP in neuronal cultures was analysed by immunofluorescence using the monoclonal anti-PrP antibody 4H11 and a polyclonal anti-b3 tubulin antibody as neuronal marker. In addition, western blotting was performed using the monoclonal anti-PrP antibody 4H11 (Supplementary Figure S3A) .
Apoptosis assay and mitochondria morphology assay
In all, 16 h after co-cultivation, SH-SY5Y cells were fixed on glass cover slips with 3.7% paraformaldehyde for 20 min, washed and permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature. Fixed cells were incubated with an anti-active caspase-3 antibody overnight at 41C, followed by an incubation with the fluorescently labelled secondary antibody Alexa Fluor 555 for 1 h at room temperature. Cells were then mounted onto glass slides and examined by fluorescence microscopy using a Zeiss Axiovert 200 M microscope (Carl Zeiss). The numbers of cells positive for activated caspase-3 or cells with fragmented nuclei out of at least 1000 transfected cells were determined in a blinded manner. To analyse mitochondrial morphology after co-cultivation, SH-SY5Y cells were incubated with MitoTracker Red CMXRos (Invitrogen) (final concentration 100 nM) before fixation. The number of cells with non-tubular/fragmented mitochondria out of at least 500 transfected cells was determined. All quantifications were based on at least three independent experiments.
PrP
Sc propagation assay After co-cultivation, cells were scraped off the plate, the cell pellets were washed twice with cold PBS and lysed in cold detergent buffer (0.5% Triton X-100, 0.5% sodium deoxycholat in PBS). The lysates were centrifuged to generate detergent-soluble and -insoluble fractions. The insoluble fractions were digested with proteinase K (10 mg/ml final concentration) for 0.5 h at 371C. The reaction was terminated by the addition of PMSF and then both fractions were adjusted to 0.5% sarkosyl. PrP was immunoprecipitated using the monoclonal anti-PrP antibodies 3F4 (specific for the transfected PrP in the SH-SY5Y cells) or 4H11. Immunoprecipitated proteins were boiled in Laemmli sample buffer and analysed by western blotting using the monoclonal anti-PrP antibody 4H11.
Statistical analysis
Quantifications were based on at least three independent experiments. Data were shown as means±s.e. Statistical analysis was performed using Student's t-test. P-values are as follows: *Po0.05; **Po0.005; ***Po0.0005.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
